Owing to the serious crossover of methanol from the anode to the cathode through the polymer electrolyte membrane, direct methanol fuel cells (DMFCs) usually use dilute methanol solutions as fuel. However, the use of high-concentration methanol is highly demanded to improve the energy density of a DMFC system. Instead of the conventional strategies (for example, improving the fuel-feed system, membrane development, modification of electrode, and water management), we demonstrate the use of selective electrocatalysts to run a DMFC at high concentrations of methanol. In particular, at an operating temperature of 80°C, the as-fabricated DMFC with core-shell-shell Au@Ag 2 S@Pt nanocomposites at the anode and core-shell Au@Pd nanoparticles at the cathode produces a maximum power density of 89.7 mW cm −2 at a methanol feed concentration of 10 M and maintains good performance at a methanol concentration of up to 15 M. The high selectivity of the electrocatalysts achieved through structural construction accounts for the successful operation of the DMFC at high concentrations of methanol.
INTRODUCTION
Direct methanol fuel cell (DMFC) technology has the potential to prevail as a leader in the booming market for portable electronic devices because of its advantages of high energy density and quick refueling, which are crucial characteristics of portable power systems (1) (2) (3) (4) . In general, dilute methanol solutions, for example, 1 to 2 M for active DMFCs or about 3 M for passive DMFCs, are often used as fuel in DMFCs to inhibit the crossover of methanol from the anode to the cathode to achieve high performance (5, 6) . However, to compete with lithium-based rechargeable batteries that currently dominate the portable power market, the use of high-concentration methanol as fuel is highly demanded to capitalize the high energy density of DMFCs. It has been reported that the specific energy of a DMFC system can be comparable with that of conventional Li-ion batteries only when a methanol solution with a concentration of 9 M or higher is fed as fuel (assuming that the overall efficiency of a DMFC system is 20%) (7) .
Here, instead of the commonly used strategies [for example, improving the fuel-feed system (8) (9) (10) (11) (12) , membrane development (13) (14) (15) (16) (17) , modification of electrode (18) (19) (20) (21) (22) , and water management (23) (24) (25) ], we demonstrate the use of selective electrocatalysts to run a DMFC at high concentrations of methanol. In brief, at an operating temperature of 80°C, the as-fabricated DMFC with core-shell-shell Au@Ag 2 S@Pt nanocomposites at the anode for methanol oxidation reaction (MOR) and core-shell Au@Pd nanoparticles at the cathode for oxygen reduction reaction (ORR) produces a maximum power density of 89.7 mW cm −2 at a methanol feed concentration of 10 M and maintains good performance at a methanol concentration of up to 15 M. The good catalytic selectivity of the electrocatalysts achieved through structural construction accounts for the successful operation of the DMFC at high concentrations of methanol, and this concept may shed some light on the design of more cost-effective and efficient DMFC systems.
RESULTS AND DISCUSSION
The assembled DMFC with a total size of 8.9 cm × 9.9 cm × 10 cm is illustrated in Fig. 1 (scheme and practical photo). The membrane electrode assembly (MEA) in the assembled DMFC has an active area of 10 cm 2 and a catalyst loading of 2 mg cm −2
. The DMFC was tested on an electrochemical interface (Bio-Logic VMP3) at room temperature and ambient pressure. Methanol solutions with different concentrations (0.5 to 15 M) were supplied by a peristaltic pump with high precision (Kamoer LIs Plus), whereas sufficient pure oxygen gas was provided at a flow rate of 300 ml min . A constant current was applied, and the output voltage was monitored for a while until the final steady-state value was recorded. No leakage occurred during the longterm test.
As schematically indicated in Fig. 1 , we chose nanocomposites composed of Au, Ag 2 S, and Pt as the anode catalysts in the assembled DMFC, which have been verified to have high selectivity for the MOR because of the strong electronic coupling effect among different domains in the Au-Ag 2 S-Pt nanocomposites (26) (27) (28) . The strategies used to prepare Au-Ag 2 S-Pt nanocomposites were usually carried out either by successive reduction of Au and Pt ions in the presence of Ag 2 S seeds in aqueous solution (29) or by a structural conversion process using core-shell Ag@Pt nanoparticles as precursors (30, 31) . Unfortunately, deficiencies in current synthetic routes are apparent. For the seed-mediated growth, the expensive nature of BSPP [bis(psulfonatophenyl)phenylphosphane], which was used to direct the synthesis of Ag 2 S seeds, and the aqueous phase render that the synthesis of Au-Ag 2 S-Pt nanocomposites could only be performed at very low concentrations (29) , whereas for the structural conversion route, the formed Au-Ag 2 S-Pt nanocomposites have very low surface areas exposed to the electrochemical reactions due to the high content of Ag in the core-shell Ag-Pt precursors (30) . Instead, we developed a seedmediated growth in an organic medium to produce Au-Ag 2 S-Pt nanocomposites. The strategy starts with preparing Au particles in oleylamine at an elevated temperature, which are then coated by Ag shells, followed by reacting with element sulfur to convert the Ag shells into Ag 2 S on the Au particle surface. Finally, the core-shell Au@Ag 2 S nanoparticles are used as seeds for the deposition of Pt metal, resulting in the formation of Au-Ag 2 S-Pt nanocomposites. The microscopic analyses (Fig. 2, A and B) indicate that the as-prepared Au-Ag 2 S-Pt nanocomposites are uniform in size (ca. 14.4 nm). In particular, in contrast to those synthesized in the aqueous phase, in which separated Pt dots are decorated on multiple sites on the surface of Ag 2 S nanocrystals (29) , the nanoscale mapping (Fig. 2 , C to H) and elemental profile analyses (Fig. 2I ) confirm that the as-prepared Au-Ag 2 S-Pt nanocomposites in this study have core-shell-shell constructions. As exhibited in fig. S1 (A and B) , the core-shell-shell Au@Ag 2 S@Pt nanocomposites were loaded on carbon substrates to examine their catalytic performance for electrochemical reactions. The electrochemically active surface area (ECSA) determined by cyclic voltammetry ( fig. S2A) ). As expected, the core-shell-shell Au@Ag 2 S@Pt nanocomposites display superior activity for MOR, low activity for ORR, and better durability for MOR compared with commercial Pt/C catalysts, as shown in fig. S2 (B to D, respectively) . The high MOR activity due to the electronic coupling effect renders the core-shell-shell Au@Ag 2 S@Pt nanocomposites a good candidate as selective catalysts at the anode of DMFCs.
We use core-shell Au@Pd nanoparticles with thin Pd shells as selective electrocatalysts for ORR at the cathode of the DMFC. As has been well documented, the thin Pd layers deposited on the surface of Au seeds or AuPd alloy nanoparticles have superior ORR activity because of the synergistic effects between Au and Pd components, for example, the lateral strain effect due to the lattice mismatch and the electronic coupling effect due to the difference in electronegativities between the two metals (32) (33) (34) (35) . Here, we extended the Au-catalyzed strategy, which could be used to produce core-shell Au@Pd nanoparticles with Pd shells up to three atomic layers in aqueous solution (36) , to the synthesis of core-shell Au@Pd nanoparticles in an organic phase. In brief, Au nanoparticles served as seeds were firstly synthesized in oleylamine, followed by the growth of thin Pd shells, which were controlled by a low Pd/Au molar ratio (1:2) and a relatively low temperature (150°C). Owing to the catalysis of Au seeds, the reduction of Pd ions only occurs on the surface of Au cores, preventing the newly formed Pd atoms from self-nucleation. Figure 3A shows the TEM image of the as-prepared core-shell Au@Pd nanoparticles, indicating that the core-shell products are spherical with an average size of ca. 11.2 nm. The deposited Pd layer is not easily distinguished from the Au core in the TEM image, possibly because of their thin thickness and epitaxial growth on the surface of Au seeds. However, the aberrationcorrected high-angle dark-field STEM image (Fig. 3B ) reveals the coreshell construction with an Au core of ca. 9.3 nm and a surrounding Pd shell of three or four atomic layers in an arbitrary single particle, which is consistent with nanoscale mapping analyses ( ). Furthermore, as shown in fig. S3B , the half-wave potential for the core-shell Au@Pd nanoparticles is 556 mV, 41 mV more positive than that for the commercial Pd/C catalyst, indicating that the Pd shells in core-shell Au@Pd nanoparticles have higher ORR activity than that in the commercial Pd/C catalyst. Specifically, although the ORR activity of core-shell Au@Pd nanoparticles is lower than that of commercial Pt/C catalysts, which have a half-wave potential of 610 mV, the nondetectable MOR activity for core-shell Au@Pd nanoparticles ( fig. S3C ) makes them competitive as selective electrocatalysts at the cathode of the fabricated DMFCs. Also, the core-shell Au@Pd nanoparticles have comparable durability with commercial Pt/C catalysts, as evinced in fig. S3D with the chronoamperograms.
As demonstrated in a previous study (28) , the selectivity of the catalysts for the electrochemical reactions could be evaluated by a prototype of the membraneless DMFC, which consists of a single compartment vessel with two electrodes in a common electrolyte of 1 M methanol in 0.1 M HClO 4 , as exhibited by the scheme and practical photo in fig. S4A and its inlet. The electrolyte is saturated with dissolved oxygen by continuously bubbling O 2 into the solution. The performance of the membraneless DMFC was evaluated in terms of the open circuit voltage (OCV). Figure S4B shows that the membraneless DMFC with the core-shell-shell Au@Ag 2 S@Pt nanocomposites at the anode and the core-shell Au@Pd nanoparticles at the cathode maintains a stable OCV of ca. 0.30 V for 60 min, completely comparable with that of the same DMFC with a conventional Nafion 117 membrane, whereas the membraneless DMFC operating with commercial Pt/C catalysts at both the anode and the cathode has an OCV close to 0. The prototype does suggest the high selectivity of the core-shellshell Au@Ag 2 S@Pt nanocomposites and core-shell Au@Pd nanoparticles for MOR and ORR, which is the essential prerequisite for a DMFC constructed to run at high concentrations of methanol. Figure 4 shows the performance of the DMFC with selective catalysts, that is, core-shell-shell Au@Ag 2 S@Pt nanocomposites at the anode and core-shell Au@Pd nanoparticles at the cathode or with commercial Pt/C catalysts at both the anode and the cathode. These tests were performed with methanol concentrations of 0.5, 1, 2, 4, 6, 8, 10, and 15 M at 80°C. The polarization curves exhibit that the performance of the DMFC with selective catalysts at its electrodes (Fig.  4A) was improved compared to that of the DMFC with commercial Pt/C catalysts (Fig. 4C ). As indicated in Fig. 4E and fig. S5A , the OCVs of the DMFC with selective electrocatalysts reach 0.59 V, despite the methanol solution concentration reaching up to 15 M. This high OCV manifests the selectivity of the cathode catalysts for ORR, which could overcome the mixed potentials at the cathode, as caused by serious methanol crossover. In case of commercial Pt/C catalysts, the OCVs drop rapidly from 0.58 to 0.49 V as the concentration of methanol increases from 0.5 to 15 M, as shown in Fig. 4E and fig. S5B , suggesting the negative effect induced by methanol crossover. With an improvement in the OCV, the performance of the DMFC with selective electrocatalysts at its electrodes is improved significantly. The DMFC has a maximum power density of 89.7 mW cm −2 under operation with 10 M methanol (Fig. 4, B and F) . As summarized in table S1, this value is much higher than those reported in the last 5 years for the DMFCs using various strategies to emphasize high-concentration solutions of methanol (16, 18, 19, (22) (23) (24) (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) (50) (51) (52) (53) (54) (55) . Although a slight decrease in power density is observed when further increasing the methanol concentration due to the complicated fundamentals involved in a DMFC using high concentrations of methanol, the power density of the DMFC with selective catalysts remains to be 82.4 mW cm −2 at the methanol concentration of 15 M. In contrast, a maximum power density of 69.8 mW cm is achieved for the DMFC with commercial catalysts at the methanol concentration of 4 to 6 M, and the power densities decrease to 61.5 and 40.5 mW cm −2 at methanol concentrations of 10 and 15 M, respectively (Fig. 4, D and F) . Figure S6 shows the transient discharging voltages at a constant current density (200 mA cm −2 ), with the cell to be fueled with 1 M methanol solution. Apparently, the discharging voltage remains higher and decreases with a slower rate for the DMFC with selective catalysts compared with that with commercial Pt/C catalysts at its anode and cathode electrodes.
Upon the success in using selective electrocatalysts in a single DMFC, we assembled a 20-W DMFC stack consisting of 15 MEAs connected in series, with a total active area of 225 cm 2 , and applied it to drive an experimental bulb. As illustrated in fig. S7 , we noticed that the7-W white bulb remained glowing, provided that the methanol solution of 10 M is fed, manifesting the potentials for applying the selective catalysts in practical DMFCs. Unfortunately, owing to the lack of facilities, the detailed performance of the DMFC stack is yet to be evaluated.
In summary, we have demonstrated the use of selective electrocatalysts for running a DMFC at high concentrations of methanol of up to 15 M. According to the experimental results, the assembled DMFC with core-shell-shell Au@Ag 2 S@Pt nanocomposites as selective anode catalyst for MOR and the core-shell Au@Pd nanoparticles as selective cathode catalyst for ORR generates a maximum power density of 89.7 mW cm −2 at a methanol feed concentration of 10 M and maintains acceptable performance at a methanol concentration of up to 15 M. The good catalytic selectivity of the electrocatalysts, which accounts for the successful operation of a DMFC at high concentrations of methanol, will be of benefit to reducing the complexity and increasing the flexibility in the design of DMFCs and hence enhancing their advantages as portable power sources. Additionally, by optimizing the overall size or composition of the core-shell system, for example, using Au nanoclusters with fine diameters as starting materials or a design of a semiconductor-metal system with energy level alignment more favorable for the electronic coupling effect, further enhancement in activity or selectivity for DMFC reactions might be expected.
MATERIALS AND METHODS

General materials
The following materials were used as received: potassium tetrachloroplatinate(II) ( Commercial Pd/C and Pt/C catalysts were purchased from Johnson Matthey. All glassware and Teflon-coated magnetic stir bars were cleaned with aqua regia, followed by copious washing with deionized water before drying in an oven.
Synthesis of core-shell-shell Au@Ag 2 S@Pt nanocomposites
The seed-mediated growth method was used for the synthesis of the core-shell-shell Au@Ag 2 S@Pt nanocomposites. Typically, 41 mg of HAuCl 4 ·3H 2 O was added to 20 ml of oleylamine in a three-necked flask equipped with a condenser and a stir bar. The solution was brought to 220°C and kept at this temperature under flowing N 2 for 1 hour for the reduction of Au 3+ ions by oleylamine. Then, 17 mg of AgNO 3 was added swiftly, and the temperature of the reaction mixture was lowered to 160°C and maintained at this temperature under flowing N 2 for 3 hours for the growth of Ag shells on the existing Au seeds. Subsequently, 15 mg of the element sulfur was added to the synthesized core-shell Au@Ag colloidal solution in oleylamine. The molar ratio of S/Ag in the mixture was calculated to be ca. 5:1. The mixture was heated for 3 hours at 80°C to convert the Ag into Ag 2 S on the surface of the Au core. Finally, 41 mg of K 2 PtCl 4 was added swiftly, followed by heating and keeping the reaction mixture for 2 hours at 195°C under flowing N 2 for the reduction of the Pt metal precursor in the presence of previously formed core-shell Au@Ag 2 S nanoparticles. After the reactions, the coreshell-shell Au@Ag 2 S@Pt nanocomposites were recovered by precipitation with methanol, centrifugation, and washing with methanol and were redispersed in 20 ml of toluene.
Synthesis of core-shell Au@Pd nanoparticles
A gold-catalyzed strategy was used for the synthesis of the core-shell nanoparticles with an Au core and a thin Pd shell. Typically, 41 mg of HAuCl 4 ·3H 2 O was added to 20 ml of oleylamine in a three-necked flask equipped with a condenser and a stir bar. The solution was heated to 220°C and kept at this temperature under flowing N 2 for 2 hours for the reduction of Au 3+ ions by oleylamine. Then, after cooling the Au colloidal solution in oleylamine down to 150°C, 15 mg of Pd(acac) 2 was added swiftly, followed by keeping the temperature at 150°C for 2 hours under flowing N 2 for the reduction of the Pd shell precursors. Afterward, the core-shell Au@Pd nanoparticles were recovered by precipitation with methanol, centrifugation, and washing with methanol and were redispersed in 20 ml of toluene.
Yields of the core-shell products To evaluate the yields of the core-shell-shell Au@Ag 2 S@Pt nanocomposites and the core-shell Au@Pd nanoparticles, the Au@Ag 2 S@Pt or Au@Pd colloidal solution in toluene was concentrated to 1 ml using flowing Ar. Then, 10 ml of methanol was added to precipitate the core-shell products, which were recovered by centrifugation, washed twice with methanol, and dried at room temperature under vacuum. The yields for the core-shell-shell Au@Ag 2 S@Pt nanocomposites and the core-shell Au@Pd nanoparticles were estimated to be ca. 90 and 92%, respectively. The losses were likely caused by centrifugation and adhesion to the container walls. On the other hand, the actual yield might also be lower because of surface oxidation of the Pt or Pd components during drying and the residual presence of oleylamine; both of these would add to the weights of the measured products.
Loading core-shell-shell Au@Ag 2 S@Pt nanocomposites and core-shell Au@Pd nanoparticles on Vulcan carbon substrates The core-shell-shell Au@Ag 2 S@Pt nanocomposites and core-shell Au@Pd nanoparticles dispersed into toluene were loaded on XC 72 carbon for electrochemical examinations. In detail, a calculated amount of carbon powders was firstly added to the toluene solution of Au@Ag 2 S@Pt and Au@Pd particle solutions. After stirring the mixture for 12 hours, carbon-supported core-shell-shell Au@Ag 2 S@Pt nanocomposites and core-shell Au@Pd nanoparticles (labeled as Au@Ag 2 S@Pt/C and Au@Pd/C; 20 weight % Pt and Pd on carbon support) were collected by centrifugation and washed thrice with ethanol. Then, the Au@Ag 2 S@Pt/C and Au@Pd/C catalysts were redispersed in 30 ml of acetic acid by ultrasonication, and the resulting mixtures were refluxed for 3 hours at 120°C to remove the organic surfactants from the particle surface. Finally, the Au@Ag 2 S@Pt/C and Au@Pd/C catalysts were collected by centrifugation, washed thrice with water, and then dried at room temperature under vacuum.
Particle characterizations TEM and HRTEM were performed on a JEOL JEM-2100F electron microscope operating at 200 kV, with supplied software for automated electron tomography. For the TEM measurements, a drop of the nanoparticle solution was dispensed onto a 3-mm carbon-coated copper grid. Excessive solution was removed by an absorbent paper, and the sample was dried under vacuum at room temperature. STEM and highangle, annular dark-field imaging were performed on an aberrationcorrected JEM-ARM200F TEM operated at 200 kV, providing a nominal image resolution of 0.08 nm. An energy dispersive x-ray spectroscopy analyzer attached to the TEM operating in the STEM mode was used to analyze the chemical compositions of the synthesized nanocomposites or nanoparticles.
Electrochemical measurements
Electrochemical measurements were carried out in a standard threeelectrode cell connected to a Bio-Logic VMP3 (with EC-Lab software version 9.56) potentiostat. A leak-free calomel electrode (saturated with KCl) was used as the reference electrode. The counter electrode was a platinum mesh (1 × 1 cm 2 ) attached to a platinum wire. The working electrode was a thin layer of Nafion-impregnated catalyst cast on a vitreous carbon disk. This electrode was prepared by ultrasonically dispersing 5 mg of the catalyst in 10 ml of aqueous solution containing 4 ml of ethanol and 0.1 ml of Nafion solution. A calculated volume of the ink was dispensed onto the 5-mm glassy carbon disc electrode to produce a nominal catalyst loading of 20 mg cm and used for the determination of the ECSAs of Au@Ag 2 S@Pt/C and commercial Pt/C catalysts. The catalytic performance of Au@Ag 2 S@Pt/C and commercial Pt/C catalysts at room temperature MOR was also measured by cyclic voltammetry. For these measurements, the potential window of 0.0 to 1 V was scanned at 20 mV s −1 until a stable response was obtained with the electrolyte of methanol (1 M) in perchloric acid (0.1 M). The ORR performance of Au@Ag 2 S@Pt/C and commercial Pt/C catalysts at room temperature was evaluated in 0.1 M HClO 4 electrolyte solution using a glassy carbon rotating disc electrode (RDE) at a rotation rate of 1600 rpm. Negative-going linear sweep voltammograms were recorded from 1.0 to 0 V at 10 mV s −1 in the presence of bubbling ultrapure oxygen to maintain a saturated oxygen atmosphere near the working electrode. For each carbon-supported catalyst (Au@Ag 2 S@Pt and commercial Pt), the current density was normalized in reference to the ECSAs to obtain the specific activities.
Electrochemical CO stripping voltammograms used to determine the ECSA of the Au@Pd/C and commercial Pd/C catalysts were obtained by the oxidation of preadsorbed CO (CO ad ) in 0.1 M HClO 4 at a scan rate of 50 mV s −1
. CO was introduced into 0.1 M HClO 4 for 20 min to allow for complete adsorption of CO onto the catalyst. Excessive CO in the electrolyte was then purged out using N 2 with high purity. The amount of CO ad was measured by integration of the CO ad stripping peak and corrected for electric double-layer capacitance. The specific ECSA was calculated on the basis of the equation ECSA = Q/(420G), where Q is the charge of CO desorption-electrooxidation in microcoulomb (mC), which is calculated by dividing the scan rate by the integral area of the CO desorption peak. G represents the total amount of Pd [in micrograms (mg)] on the electrode, and the number (420) is the charge [in microcoulomb per centimeter squared (mC cm )] required to oxidize a monolayer of CO on the catalyst.
The performance of Au@Pd/C and commercial Pd/C catalysts at room temperature ORR was evaluated in 0.1 M HClO 4 electrolyte solution using a glassy carbon RDE at a rotation rate of 1600 rpm. Negative-going linear sweep voltammograms were recorded from 1.0 to 0 V at 10 mV s −1 at room temperature in the presence of bubbling ultrapure oxygen to maintain a saturated oxygen atmosphere near the working electrode. In the ORR polarization curves, for each catalyst (Au@Pd/C and commercial Pd/C), the measured current density was normalized with reference to its ECSAs to obtain the specific activity.
Performance of the assembled DMFC The MEA in the assembled DMFC was composed of a single anode layer with Au@Ag 2 S@Pt/C or commercial Pt/C catalysts, an Nafion 117 membrane, and a cathode layer with Au@Pd/C or commercial Pt/C catalysts. The MEA with an active area of 10.0 cm 2 and a loading of 2 mg metal cm −2 was sandwiched between two carbon plates, in which crossed channels were adopted for methanol or oxygen flow. A copper plate coated with gold was used for collecting current. Electrical heaters and thermocouples were embedded in the plates to control operating temperature. A pump was used to supply aqueous methanol solution from a reservoir without back pressure. Oxygen was fed from a cylinder, and the pressure was controlled by a pressure regulator.
The performance of the DMFC was examined at 80°C. In all experiments, 0.5 to 15 M methanol solution was pumped through the DMFC anode flow field at a flow rate of 1 ml min −1 for 8 hours to activate the MEA before collecting the data. The cathode was fed with oxygen under pressure of 0.1 MPa and at a flow rate of 300 ml min −1 . Current-voltage and power density curves were obtained stepwise using a Bio-Logic VMP3 (with EC-Lab software version 9.56) potentiostat.
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